A novel single layer assembly of gap coupled elements in elliptical shape is proposed in this communication to achieve broadband performance. Among the five patches considered in the present assembly, two pairs of patches having different patch areas are arranged around an edge truncated elliptical patch. The central edge truncated elliptical patch is fed through an inset feed arrangement and the other patches are parasitically gap coupled to the central patch. With such an arrangement, an enhanced impedance bandwidth of 2.45 GHz (or 36.2%) with respect to central frequency 6.1 GHz is achieved. Three resonant modes are excited with this arrangement giving improved bandwidth and gain in comparison to a conventional elliptical patch antenna. The simulated radiation patterns of proposed arrangement of patches suggest that these are identical in shape and direction of maximum radiations is directed normally to assembly of patches.
Introduction
With an escalating demand of mobile communication systems and emergence of modern wireless communication systems, need of broadband planar antennas to cover a wide frequency range is realized. The design of a proficient wide band compact size antenna, for modern communication systems, is a major challenge. Extensive work on microstrip patch antennas has been done owing to their advantages such as being of low-profile, conformability, low-cost fabrication, and ease of integration with feed networks [1, 2] . Conversely, conventional microstrip patch antennas have very narrow impedance bandwidth (1-2%) which poses a design challenge for the microstrip antenna designer to meet the broadband requirements. There are numerous and well-known methods to increase the bandwidth of antennas, including increase of the substrate thickness, use of low permittivity substrate material, use of appropriate impedance matching and feeding techniques, use of multiple resonators, and the use of slotted antenna geometry. However, bandwidth and size of an antenna are in general mutually conflicting properties; that is, an improvement of one of these characteristics normally results in degradation of the other [3] [4] [5] [6] .
In recent time, several techniques have been anticipated to enhance the bandwidth of a microstrip antenna. Yang et al. [7] demonstrated the performance of a single layer wideband rectangular patch antenna with achievable impedance bandwidth greater than 20%. Abdelaziz [8] proposed a microstrip antenna with two different radiating elements connected together through a matched section which is embedded on a single layer structure to give wide bandwidth. Another technique involves multilayer structures with parasitic patches like E, V, and H shapes, which excites multiple resonant modes [9] . V. Sharma M. M. Sharma [10] presented a wideband gap coupled assembly of rectangular microstrip patches applicable in lower band and upper band of Wi-Max applications utilizing six directly and parasitically coupled patches. The proposed antenna works in the lower band (2.4-2.69 GHz) and upper band (5.25-5.85 GHz) of Wi-Max systems. Singh et al. [11] presented the analysis of dual band L-strip proximity fed gap coupled compact semicircular disk patch antenna using circuit theory concept and found that antenna resonates at two distinct modes, that is, 1.3 GHz (with impedance bandwidth 6.61%) and 6.13 GHz (with impedance bandwidth 6.02%) for lower and upper resonance frequencies, respectively. Kumar and Singh [12] presented a technical review on gap coupled microstrip antennas and concluded that the gap coupled microstrip antennas give a large bandwidth as compared to the conventional microstrip antennas. In this review challenges with gap coupled microstrip antennas and types of gap coupled microstrip antennas as well as numerical methods of calculating various parameters of the gap coupled microstrip antennas are discussed. The coplanar arrangement with one or more parasitic patches to attain broadband operation has also been reported in several papers in the literature [13] [14] [15] [16] . Under these arrangements, tight coupling requires small gaps between elements, which can cause fabrication and operational problems, but larger bandwidths up to 25% can be achieved. Among the conventional patch geometries, microstrip antennas with rectangular, circular, or triangular shapes are widely analyzed. Other regular shapes of patch geometries are rarely touched upon perhaps due to involvement of difficult mathematical modeling and involved boundary conditions in their analysis. For example, elliptical patch geometry cannot become popular perhaps due to involvement of elliptical coordinate systems and application of Mathieu's function in association with involved boundary conditions during theoretical analysis [17, 18] . However, owing to the advantage of having smaller patch size at a given frequency, as compared to rectangular and circular patch antennas, several papers on elliptical patch antennas may be seen in recent times [19] [20] [21] . This paper uses the following concept: a patch placed close to the fed patch gets excited through the coupling between the patches, and such a patch is known as a parasitic patch. If the resonance frequencies 1 and 2 of these two patches are placed close to each other, then broad bandwidth is obtained as shown in Figure 1 two frequencies should be large to yield an overall wide bandwidth as shown in Figure 1 (b).
Antenna Design and Results

Single Layer Elliptical Microstrip Antenna (Conventional).
In first step of proposed work, the performance of a conventional elliptical patch microstrip patch antenna having semimajor and semiminor axes dimensions " " = 15 mm and " " = 10 mm, respectively, is simulated by applying method of moments based IE3D simulation software [22] . This antenna is designed and fabricated on glass epoxy FR-4 substrate having metallic copper ground plane with substrate relative permittivity = 4.4, substrate thickness ℎ = 1.59 mm, and loss tangent tan = 0.025 and is later tested using vector network analyzer [23] . The antenna is fed with single inset feed arrangement through SMA connector. The feed arrangement and the designed antenna are shown in Figures  2(a) and 2(b) , respectively.
Through simulation analysis of this antenna, it is realized that in the frequency range 4.5 GHz to 8.0 GHz antenna resonates at four frequencies 4.95 GHz, 5.6 GHz, 7.15 GHz, and 7.45 GHz, respectively, as shown in Figure 3 , which corresponds to different modes of excitation. The impedance bandwidths of this antenna at all the frequencies are very narrow except at frequency 7.15 GHz where it is about 6.7%. The gain and efficiency of antenna are also low; hence, elliptical patch antenna in its present form is not much suitable for modern communication systems. It requires some modification before being used in any practical application. In the next section, this conventional elliptical patch is modified.
Single Layer Gap Coupled Elliptical Microstrip Antenna.
In this section, conventional elliptical patch antenna is modified to attain better-quality broadband performance as the conventional elliptical patch antenna, which resonates at four frequencies but presents narrow bandwidth.
The layout of single layer assembly of gap coupled elements in elliptical shape is shown in Figure 4 . It represents that among the five patches considered in the present assembly, the two pairs of patches (patch 2 and patch 4) having different patch areas in association with patch 3 and patch 5 and are arranged around an edge truncated elliptical patch to attain higher impedance bandwidth. The central edge truncated elliptical patch is fed through inset feed arrangement and the other patches are parasitically gap coupled to the central patch. Extensive optimizations in width and position of slot along major and minor axes of conventional elliptical patch antenna are carried out to achieve best performance from this assembly of patches. The design parameters of different patches are listed in Table 1 . Figure 4 depicts that, in modified structure, an elliptical patch is alienated as an arrangement of five different patches coupled together parasitically. The overall dimension of the assembly of patches is the same as that reported in previous case for a conventional elliptical patch antenna. In first step, after optimization, two vertical slots of width 1 = 0.7 mm are introduced and afterward two outer gap coupled parts are further divided by two additional horizontal slots of width assembly. Inset feed arrangement through SMA connector in association with 50 ohm feed line is applied to feed the central radiating patch (patch 1). The gap spacing between gap coupled patches along the vertical direction is taken slightly different from gap spacing between gap coupled patches along horizontal direction in order to excite some additional resonant mode. If the resonance frequencies of these gap coupled patches are close to each other, then larger bandwidth may be obtained as shown in Figure 5 .
The simulated and measured reflection coefficient results of assembly of patches forming gap coupled elliptical patch antenna as a function of frequency are shown in Figures 5  and 6 , respectively. The simulated results of antenna present three clear resonances at frequencies 5.17 GHz, 6.40 GHz, and 7.12 GHz, respectively, while the measured resonance frequencies are 5.25 GHz, 6.46 GHz, and 7.35 GHz, respectively. The simulated impedance bandwidth of antenna is 2.25 GHz while the measured impedance bandwidth is nearly 2.45 GHz (or 36.2%), which indicates close agreement between simulated and measured resonance frequencies and impedance bandwidths. Figure 7 shows the comparison of simulated maximum total field gain of the gap coupled elliptical patch antenna to conventional elliptical patch antenna. It indicates that the gain of conventional single layer patch antennas is very poor whereas for proposed gap coupled elliptical patch antenna the gain of antenna is around 4.0 dBi and variation in gain with frequency is within 1.6 dBi within the frequency spectrum of interest. These gain values are improved more than those which were realized with conventional elliptical patch antenna. Figure 8 depicts the comparison of simulated total field directivity of the gap coupled elliptical patch antenna to conventional elliptical patch antenna which indicates that for gap coupled elliptical patch antenna the directivity is around 8.0 dBi and it is more or less unaffected within the frequency range of interest. The gain and efficiency values of antenna are not remarkable and are found to be low due to application of glass epoxy FR-4 substrate material, which have high dielectric constant (4.4) and loss tangent (0.025) values. By applying air/foam substrate or low loss tangent materials, these parameters may be improved as per the application.
The simulated E and H plane far field elevation patterns of proposed assembly of patches forming gap coupled elliptical patch antenna at the three resonance frequencies 5.15 GHz, 6.0 GHz, and 7.25 GHz are shown in Figures 9, 10, and 11 . At all the three frequencies, the direction of maximum radiations is normal to patch geometry and patterns are systematical in nature. At all the three frequencies a null near to the broadside ( = 0) is observed. These patterns suggest that the direction of maximum radiations is normal to patch geometry and patterns are symmetrical in nature in entire frequency range of interest.
Conclusions
A new design of broadband single layer assembly of patches forming gap coupled elliptical patch antenna is presented in this communication. By properly choosing the suitable slot dimension of gap coupling, at proper location and adjusting their dimensions, a wide operating bandwidth with relatively small size and improved radiation pattern is obtained. More wide impedance bandwidth at lower frequencies can also be realized by properly upscaling and modifying the relative parameters of proposed antenna. The radiation patterns throughout in the impedance bandwidth are identical in shape and direction of maximum intensity is directed normally to patch geometry. Measured results display exemplary accuracy with simulated results thereby justifying the use of such techniques for synthesis of single element antenna.
